In order to obtain a comprehensive picture of the molecular events regulating cutaneous photodamage of intact human epidermis, suction blister roofs obtained after a single dose of in vivo ultraviolet (UV)B exposure were used for microarray profiling. We found a changed expression of 619 genes. Half of the UVB-regulated genes had returned to pre-exposure baseline levels at 72 h, underscoring the transient character of the molecular cutaneous UVB response. Of special interest was our finding that several of the central p53 target genes remained unaffected following UVB exposure in spite of p53 protein accumulation. We next compared the in vivo expression profiles of epidermal sheets to that of cultured human epidermal keratinocytes exposed to UVB in vitro. We found 1931 genes that differed in their expression profiles between the two groups. The expression profile in intact epidemis was geared mainly towards DNA repair, whereas cultured keratinocytes responded predominantly by activating genes associated with cell-cycle arrest and apoptosis. These differences in expression profiles might reflect differences between mature differentiating keratinocytes in the suprabasal epidermal layers versus exponentially proliferating keratinocytes in cell culture. Our findings show that extreme care should be taken when extrapolating from findings based on keratinocyte cultures to changes in intact epidermis.
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Introduction
The skin constitutes the outer barrier of the human organism towards external stimuli and ultraviolet (UV) radiation. UVB, with a wavelength range between 290 and 320 nm, represents one of the most important environmental hazards affecting human skin (Hahn and Weinberg, 2002) . To protect itself against the DNA-damaging effects of sunlight, the skin disposes over highly complicated cellular programs, including cell-cycle arrest, DNA repair and apoptosis (Brash et al., 1996) . Failure in selected elements of these defensive strategies may result in propagation of cutaneous cancers. Handling of photodamage by the skin constitutes a crucial survival mechanism, and the regulation and activity of cutaneous UVB-regulated genes represents an attractive model for the functioning of central protective cellular responses under physiological conditions.
The advent of microarray technology allows the generation of global expression profiles and differential expression of thousands of genes (Park et al., 2002; Joos et al., 2003; Sellheyer and Belbin, 2004) . Several recent studies have employed microarray profiling to study UVB-regulated gene expression in cultured human keratinocytes (Becker et al., 2001; Li et al., 2001; Murakami et al., 2001; Sesto et al., 2002; Takao et al., 2002; Dazard et al., 2003; Pisarchik et al., 2004; Lee et al., 2005) , revealing that a wide range of genes regulating transcription factors, cytoskeletal proteins, secreted signaling molecules and controlling cellular functions such as signal transduction, terminal differentiation and apoptosis, are induced by UVB. However, since these studies differ considerably in terms of time kinetics, UVB dose, light sources and hybridization techniques, it is difficult to generate a comprehensive picture of the complex changes in gene expression taking place in UVB-irradiated keratinocytes.
An additional drawback common to all these studies is the fact that they were performed on cultured keratinocytes under in vitro conditions. Skin tissue cultures differ substantially from the intact tissues they are supposed to imitate: Keratinocytes are usually cultured in the presence of hormones and growth factors that might affect cell-cycle regulation, stress response and apoptosis (Gibbs et al., 1998) , thereby modifying the response to UVB. Furthermore, confluence in keratinocyte cultures affects the regulation of programmed cell death, and a significant difference in sensitivity to UVB-induced apoptosis between subconfluent cultures and exponentially growing cells have been reported (Gniadecki et al., 1997) . Finally, keratinocyte cultures constitute a homogeneous population of cells lacking the additional cellular constituents of intact epidermis such as Langerhans cells and intraepidermal inflammatory cells that together with the keratinocytes play important roles in the response of human epidermis to UV exposure (Baadsgaard, 1991) .
Using a unique model system based on UV-exposed human epidermis followed by isolation of epidermal cells from suction blister roofs, we have recently studied the global expression profile in intact human epidermis using oligonucleotide microarrays (Enk et al., 2004) . With this in vivo setup that overcomes several of the limitations outlined above, we identified more than 800 UVB-regulated genes, some of which not previously known to be UVB sensitive. In the present study, we expand this investigation by monitoring the differentially expressed genes over a 72 h period following UVB exposure. We found that the majority of the in vivo UVB-regulated genes changed their expression at the 24 h time-point, but had returned to background levels within 72 h. We next compared the expression profile of the in vivo exposed epidermal cells to that of cultured UVB-exposed normal human epidermal keratinocytes (NHEK), thus providing the first direct comparison between the UV response of intact epidermis and keratinocyte cultures. We here report that the expression profile in intact epidermis was geared mainly towards DNA repair, whereas cultured keratinocytes responded predominantly by activating genes associated with cellcycle arrest and apoptosis.
Results and Discussion

UVB-induced gene expression
To study the global gene expression profile in intact human epidermis following a single physiological UVB exposure, we exposed the inner forearms of three volunteers to 4 MED of UVB in vivo. Suction blisters were raised at 2, 24 and 72 h following exposure, and mRNA extracted from the blister roofs underwent gene profiling using Affymetrix Human Focus oligonucleotide arrays as described in Methods. Applying an arbitrary filter level of twofold changes in the ratios of gene expression in all volunteers at least at one time-point, we found 619 genes whose expression was modified by UVB (Figure 1) , of which 246 genes were upregulated and 373 were downregulated, representing approximately 12% of the 'valid' genes (1.5-2% of the human genome). In our list, the majority, 53% of the differentially expressed genes, were found at the 24 h time-point, whereas 21 and 26% of the UVB-regulated genes were found 2 and 72 h, respectively, following exposure.
Gene clustering
Clustering the DNA chip data by an unsupervised approach organizes genes by similarities in their expression profiles (Kannan et al., 2001) . Applying this method to genes that were at least twofold changed in all volunteers at least at one time-point, triggered distinct, well-ordered gene expression and partitioned the samples according to interval after UV exposure rather than according to individuals (Figure 2 ). This profiling pattern testifies to the robustness of the data set and indicates that our results reflect an overall UVB response. The algorithm showed that the most closely related expression profiles were those of the 0, 2 and 72 time-points, whereas the 24 h expression profile displayed greatest dissimilarity from the other time-points. This suggests that the majority of UVB-induced changes in epidermal gene expression is transient and has reversed to background expression within 72 h. The finding that the early UVB response involves a relatively small number of genes, whereas the 24 h response is more complex and expresses a larger number of genes corresponds well with the recent findings of Lee et al. (2005) who examined the differentially expressed genes of UVB-irradiated immortalized HaCat keratinocytes at 0.5, 6 and 24 h.
The dendogram revealed eight major, stable clusters containing different expression kinetics of up-and downregulated genes at 2, 24 and 72 h after UV exposure (Figure 2 ). Interestingly, in five of the eight clusters (cluster 1, 2, 5, 7 and 8), representing 316 of the 619 UVB-regulated genes (51%), the expression pattern had returned to pre-exposure baseline levels a 72 h, again underscoring the transient character of the genomic changes taking place in human skin following a single, low-dose, UVB exposure.
Functional groups
UVB-responsive genes were categorized into clusters based on known or presumed functions. selected genes of interest (http://www.hadassah.org.il/ Departments/photobiology; for the full list). The 619 differentially expressed genes were found in a wide range of functional categories at one or more time-points after UVB irradiation. S100. Several skin disorders have been associated with the S100 family of calcium-binding proteins, including disorders of keratinization, proliferation and differentiation. The S100A7, S100A8 and S100A9 protein genes are absent or minimally expressed in normal epidermis, but are markedly overexpressed in psoriatic lesions, in keratinocytes with abnormal differentiation and in cutaneous tumors (Boni et al., 1997; Alowami et al., 2003; Broome et al., 2003) . S100A8 and S100A9 gene expression is upregulated after injury of murine and human epidermis (Thorey et al., 2001) , and Grimbaldeston et al. (2003) demonstrated that S100A8, but not S100A9, was overexpressed in the epidermis of UVA-irradiated BALB/c mice in response to reactive oxygen species (ROS). We here report upregulation of S100A6, S100A7, S100A8, S100A9 and S100P protein genes in human epidermis following UVB radiation. All S100 protein genes showed the same pattern of expression with upregulation at 24 h and sustained activity at 72 h. S100A2 is expressed in benign nevi but not in metastatic melanomas, and loss of S100A2 activity might play a role in tumorigenesis and constitute an early event in melanoma development (Maelandsmo et al., 1997) . In normal human keratinocytes, S100A2 nuclear staining disappears following treatment with H 2 O 2 , and S100A2 protein might be involved in keratinocyte responses to ROS (Zhang et al., 2002) . The downregulation of S100A2 expression following UVB radiation reported in our study could thus result from the activity of free radicals on the epidermal cells.
Serine protease inhibitors. Our data show that a number of serine proteinase inhibitors were induced following UVB irradiation. The squamous cell carcinoma antigen (SCCA1 or SERPINB3) plays a role in differentiation of squamous epithelium (Crombach et al., 1989; Kato, 1996) and significantly inhibits certain forms of apoptosis (Suminami et al., 2000) . In human skin, SCCA is expressed in epidermis overlying inflammatory lesions such as psoriasis and dermatitis (Horiuchi et al., 1994; Takeda et al., 2002) . There is no consensus regarding the expression in normal epidermis (Duk et al., 1989; Cataltepe et al., 2000; Takeda et al., 2002) . Our data show that SCCA1 is dramatically increased 24 and 72 h after UVB exposure. Of specific interest is our finding of moderate but significant upregulation of serpinB13 (hurpin/headpin/PI13). This new member of the human ov-serpin family has previously been demonstrated in the human immortalized HaCaT keratinocyte cell line, in cultured normal human keratinocytes, in lesional skin from psoriatic (columns) is indicated by a color code (green downregulated and red upregulated). When applying an unsupervised algorithm, the samples were partitioned according to interval after UV exposure and showed greatest similarities among the 0, 2 and 72 h expression patterns. Z-score analysis grouped the genes into eight kinetically distinguishable clusters. The number of genes in each cluster is indicated. In five of the clusters, representing half of the UVB-modulated genes, the expression pattern had returned to baseline patterns at 72 h. patients and only weakly expressed in normal skin (Abts et al., 1999) . Hurpin overexpression in HaCaT cells confers resistance to UV-induced apoptosis (Welss et al., 2003) . Our finding of overexpression of hurpin in UVBirradiated normal human epidermis suggests a role for hurpin in the hyperproliferative state conferred to UVirradiated epidermis (Lee et al., 2002) .
UVB-induced gene expression profile of human epidermis
Extracellular matrix. The matrix metalloproteinases (MMP) form a family of structurally and functionally related zinc endopeptidases capable of degrading structural proteins in connective tissue with implications on tissue plasticity and migration of tumor cells (Birkedal-Hansen et al., 1993; Kahari and SaarialhoKere, 1997) . MMPs are tightly regulated by a special class of tissue inhibitors of matrix protease, TIMP-1. MMP induction by UV has been implicated in the qualitative and quantitative alterations in the composition of the dermal extracellular matrix, a hallmark of photoaged skin (Scharffetter et al., 1991; Fisher et al., 1996) . In our list, MMP-1 and MMP-3 expression was dramatically induced after 24 h and remained upregulated though to a lower degree at 72 h. These findings are in accord with those of Fisher et al. (1996) who demonstrated induction of MMP-1 and MMP-3 at 16-24 h in human skin biopsies following 2 MED of UVB radiation, and those of Lahmann et al. (2001) and Sudel et al. (2003) who found a peak of MMP-1 expression at 24 h and sustained upregulation at 48 h after 2 MED of solar simulator radiation. In our study, TIMP-1 was upregulated already at 2 h and remained high for 72 h with a distinct peak at 24 h. It is intriguing that a single low dose of UVB induces long-lasting activity of MMP-1 with deleterious effects on dermal extracellular matrix. However, the ratio of MMP-1 and TIMP-1 is considered to be relevant for determining the amount of active MMP-1 (Sudel et al., 2003) . Calculating these ratios with our data (0.15, 3.38 and 0.75 for the 2, 24 and 72 h time-points) indicates that MMP-1 activity following a single UVB dose is short lived and is abolished at 72 h. SKALP/PI3, a recently described proteinase inhibitor absent from normal epidermis but found in hyperproliferative skin such as psoriasis and healing wounds, and regulated by UVB and proinflammatory cytokines (Pfundt et al., 2000; Tanaka et al., 2000b) , was strongly upregulated at 24 h and remained high at 72 h in our list.
Cell cycle. Cell-cycle progression and proliferation is a tightly controlled process induced by a wide range of exogenous events including UVB radiation that is regulated by a complex series of endogenous processes (Celis et al., 1987) . We found that most of the cell-cycle regulator genes were strongly upregulated at 72 h but only partially at earlier time-points, indicating a late burst of cell-cycle progression and proliferation. Genes with at least twofold changes in expression in all volunteers at least at one time-point are listed.
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Interestingly, cyclins A2, B2, D2 and G2 as well as PCNA were upregulated, consistent with the lack of GADD45 and WAF1/CIP1/p21 upregulation (Table 2) .
Repair. UVB causes DNA lesions in epidermal cells, predominantly cyclobutane pyrimidine dimers (CPD) and pyrimidine-pyrimidone [6-4] photoproducts (Sage, 1993) . The biological significance of these DNA lesions depends upon the capacity of the cell to repair the damage before it can be incorporated permanently into the genome. Typically, DNA damage is rapidly repaired at a relative high rate by inducing upregulation of nucleotide excision repair (Young et al., 1996) . In our list, XPC, which is involved in DNA excision repair with special affinity to DNA UV photoproducts (Kosmoski et al., 2001) , was clearly upregulated already 2 h after exposure. The interaction of photoproducts with histones results in modulation of the nucleosome structure causing altered cromatin structure with increased accessibility to repair enzymes (Brown et al., 1993; Liu et al., 2000) . Interestingly, an early and strong upregulation of eight different histone genes was included in our list.
Apoptosis. UV-induced apoptosis is a highly complex process in which different molecular pathways such as DNA damage, activation of the tumor suppressor gene p53, triggering of cell death receptors, and ROS are involved (Aragane et al., 1998; Wehrli et al., 2000) . In our list, genes belonging to the death receptor pathway such as TRAIL-R2 and DAPK-1 were upregulated at the 24 h time-point, and were shut down at 72 h, Numbers show fold change of expression.
underscoring the transient character of the apoptotic response. Supporting the picture of an early burst of proapoptotic activity, the antiapoptotic gene, Bcl-2, was downregulated at 24 h, whereas the apoptosis inhibitor, BIRC5 (Survivin), was strongly upregulated at 72 h. Evidence of involvement of the ROS pathway is found in the downregulation of catalase, glutathione peroxidase, oxidative-stress responsive 1, peroxiredoxin 2 and prostaglandin-endoperoxide synthase.
Recently, death-receptor-mediated, transcription-independent signaling modulation has emerged as an important determinant of cell survival during development and cellular homeostasis. These mechanisms involve key post-translational modifications that affect the activities of proteins at different levels in the signaling pathways (Tran et al., 2004) . Thus, UVBinduced apoptosis, here evidenced by the presence of sunburn cells (Figure 3a) and by a diffuse, epidermal annexin V staining (Figure 3b ), might be mediated by both gene activation and by transcription-independent mechanisms.
p53. The 'guardian of the genome', p53, is a tumor suppressor protein that plays a key role in the protective responses against exogenous injuries such as UV by initiating a cascade of fine-tuned events through transactivation of its target genes. Target genes of p53 include genes involved in cell-cycle arrest such the cyclin-dependent kinase inhibitor WAF1/CIP1/p21 (el Deiry et al., 1993), the proto-oncogene Mdm2 (Barak et al., 1993) , a negative regulator of p53, the growth arrest and DNA damage-inducible GADD45 (Kastan et al., 1992) , Bax (Miyashita et al., 1994) , Cyclin G (Okamoto and Beach, 1994) , PCNA (Shivakumar et al., 1995) , IGF-BP3 (Buckbinder et al., 1995) , B99 (Utrera et al., 1998), p53R2 (Tanaka et al., 2000a ) and 14-3-3 sigma (Hermeking et al., 1997) . p53 target genes present on the Affymetrix Human Focus oligonucleotide arrays are listed in Table 2 . Surprisingly, applying the filter used throughout this paper, that is, twofold change in all three volunteers, only GML was upregulated and BAI1 downregulated at 24 and 72 h, respectively. Applying a less strict filter of 1.5-fold changes, additional p53 target genes were changed, including BAX (up at 24 h), CASP6 (up at 2 h), CCNG1 (up at 24 h), HERC1 (down at 24 h), IGFBP3 (down at 2 h), TP53BP2 (down at 2 h), XPA (up at 2 h) and XPC (up at 2 and 24 h). However, even with these less restrictive cutoff criteria, key p53 targets such as WAF1/CIP1/p21, GADD45 and Mdm2 remained unaffected following UVB exposure.
To verify the validity of these profiling data, we first ascertained the accumulation of p53 protein in human epidermis following exposure to 4 MED of UVB in vivo (Figure 4) . Our results confirmed that p53 has a very low basal expression in human skin and accumulates upon UV irradiation (Hall et al., 1993; Liu et al., 1994; Courtois et al., 1997) . We next confirmed the microarray data by semiquantitative RT-PCR using primers for key p53 target. As can be seen in Figure 5 , neither WAF1/ CIP1/p21, GADD45, Bax or Mdm2 gene expression was upregulated in spite of p53 protein accumulation 24 h following UVB exposure, whereas SCCA1, included as a positive control, was clearly increased. Thus, our data show that in spite of p53 protein accumulation in epidermal cells following a single in vivo UVB exposure, p53 did not cause transactivation of its known target genes.
Our current understanding of the regulation of p53 in human skin following UV damage is mostly based on keratinocyte cultures. To which degree such models reflect genuine physiological processes is largely unknown. Thus, the p53 repertoire and signaling pathways of the cell is determined by several biological parameters such as cell type, oncogenic composition, the nature and the intensity of the extracellular stimulus, and the level of p53 (Lassus et al., 1996; Li and Ho, 1998; Sionov and Haupt, 1999; Zhao et al., 2000) . Furthermore, the resistance of keratinocytes to apoptosis depends on the differentiation status and the location of the cells within the epidermal layers (Qin et al., 2002) . Many of these parameters are not well controlled in the available cell culture models. Our unexpected finding that only few of the p53 target genes were activated following a single in vivo UVB exposure might reflect crucial differences in terms of cellular composition, differentiation, intracellular p53 levels and UV sensitivity existing between cell cultures and in vivo models like the one we have used. It is of interest to note that in a recent paper, Marionnet et al. (2003) examined the expression profile of human epidermis following in vivo low-dose solar simulator UV exposure and found GADD45 and Bax to be moderately upregulated. Although a different light source was used in this study and verification of the upregulation of the two genes was not performed, the data appear to contradict our findings. However, whereas the epidermal sheets in our study originated from chronically sun-exposed forearm skin, the dermatome specimens in the Marionnet et al. (2003) paper were obtained from buttock skin, not previously exposed to sunlight. This might partially explain the apparent discrepancy in GADD45 and Bax regulation, since pre-exposure of human keratinocytes to a low dose of UVB significantly alters the p53 signaling pathways and apoptotic response compared to cells that were not pre-exposed (Decraene et al., 2004) .
Possible mechanisms resulting in lack of activity of p53 transcription targets despite increase in p53 protein levels include inhibitory modification of the p53 proteins such as dephosphorylation, mono-ubiquitination, neddylation (Shieh et al., 1997; Siliciano et al., 1997; Wang et al., 2004; Xirodimas et al., 2004) or the expression of inhibitory DNp63 (Yang et al., 1998) . Elucidation of the mechanisms involved in the silencing of the p53 signaling pathways following in vivo UVB irradiation of human skin might provide clues for understanding the processes allowing the proliferation of transformed cells in human skin.
Comparison of UVB-regulated genes in intact epidermis and cultured keratinocytes
Intact human epidermis is a well-ordered multilayer organ in which the majority of the cells, that is, cells of the suprabasal layers, are keratinocytes undergoing various stages of differentiation. In contrast, subconfluent cultured NHEK is a monolayer system consisting of exponentially proliferating keratinocytes. In order to investigate whether these differences in maturity influence the molecular repertoire of epidermal cells in response to UVB, we compared the in vivo expression profiles of epidermal sheets from the present study to that of NHEK exposed to UVB in vitro. The profiling results of the NHEK were previously published (Dazard et al., 2003) and the full list of UVB-regulated genes can be found at http://www.weizmann.ac.il/home/ligivol/ UVB_project /table2.xls. In total, we identified 1931 genes that differed in their expression profiles among in vivo and in vitro irradiated epidermal cells, for which the overlapping and nonoverlapping genes among the groups are illustrated in Figure 6 . When directly comparing the UVB response of individual genes (Table 3) , we found multiple differences in genes governing crucial cellular functions such as p53, cellcycle arrest, DNA repair and apoptosis. The overall picture exhibited by these differences in expression fits a pattern of exponentially proliferating cells reacting to UVB damage by initiating cellular processes associated with cell-cycle arrest and apoptosis, whereas differentiating cells respond by DNA repair (http://www. hadassah.org.il/Departments/photobiology; for the full list) (Qin et al., 2002; Chaturvedi et al., 2004) . Thus, key Figure 5 Reverse transcriptase-polymerase chain reaction (RT-PCR) verification of selected p53 target genes 24 h after in vivo UVB irradiation of intact human epidermis. Nonirradiated epidermis served as a control. RNA was obtained from four volunteers different from those tested by microarray analysis. G3PDH was used as housekeeping gene. SCCA1 served as a positive control. The PCR product was stained with ethydium bromide (a), and signal intensities were normalized for G3PDH by densitometry (b). Figure 6 Venn diagram representing up-and downregulated genes in in vivo UVB-irradiated intact human epidermis and in vitro exposed NHEK. The diagram shows the number of genes with the indicated expression patterns. cell-cycle progression markers such as cyclins B2, D2 and G2 were all downregulated and p57/KIP2 upregulated in NHEK but not in intact epidermis, where an opposite picture indicating cell-cycle progression was found. Also among apoptosis-related genes, a functional dichotomy was evident, since the proapoptitic genes, TNFAIP3, TNFRSF1B, CASP1, MOAP1 and PPP1R15A, were upregulated only in NHEK, whereas antiapoptotic genes such as BNIP3 and BCL2L1 were upregulated only in intact epidermis. Likewise, in the DNA repair group, XPC, DDB2, POLD1, XRCC1, POLE and TREX1 were only upregulated in intact epidermis. And in the p53 group where key target genes such as GADD45A, GADD45B and WAF1/CIP1/p21 were unaffected in intact epidermis, the same genes were upregulated in NHEK. The fact that the comparison between intact epidermis and cultured keratinocytes was not performed in parallel raises a number of issues: (1) Although both microarray profilings were performed in the same laboratory, different Affymetrix microarrays were used in the two experiments. To allow a direct comparison between the two experiments, a series of compensatory bioinformatic procedures were performed as detailed in Methods to compensate for potential pitfalls due to differences in construction of the microarrays,; (2) UV light impinging on intact human epidermis is absorbed or scattered by pigment cells and by chromophores in the stratum corneum, and only 20-30% of the incoming light reaches the keratinocytes of the deeper layers of the epidermis. None of these physiological structures diminish the amount of UV light reaching the monolayer keratinocytes in culture. To compensate for these differences in UV accessibility, the in vivo UVB exposure in the present study was performed with 150-250 mJ/cm 2 , whereas the keratinocyte cultures were exposed to 40 mJ/cm 2 , using light sources with identical UVB spectra. Keeping in mind that approximately 100 mJ/cm 2 of UVB can be encountered upon exposure to 60-90 min of midday Summer sun, it is worth noticing that the UVB exposure delivered to both intact epidermis and to the keratinocyte cultures is environmentally relevant; (3) The hypothesis-generating nature of microarray profiling appears to justify our approach of comparing two bioinformatic analyses despite the fact that they were not performed in parallel. However, future parallel, hypothesis-driven studies are required to compare selected candidate genes for their function and relevance under in vivo and in vitro conditions.
Methods
Array processing
All experiments were performed using Affymetrix Human Focus oligonucleotide arrays, as described (http://www. affymetrix.com/support/technical/datasheets/human datasheet. pdf). Total RNA from each sample was used to prepare biotinylated target RNA, with minor modifications from the manufacturer's recommendations (http://www.affymetrix. com/support/technical/manual/expression_manual.affx).
Briefly, 5 mg of mRNA was used to generate first-strand cDNA by using a T7-linked oligo(dT) primer. After secondstrand synthesis, in vitro transcription was performed with biotinylated UTP and CTP (Enzo Diagnostics), resulting in approximately 300-fold amplification of RNA. The target cDNA generated from each sample was processed as per the manufacturer's recommendation using an Affymetrix GeneChip Instrument System (http://www.affymetrix.com/support/ UVB-induced gene expression profile of human epidermis CD Enk et al technical/manual/expression_manual.affx). Briefly, spike controls were added to 15 mg fragmented cRNA before overnight hybridization. Arrays were then washed and stained with streptavidin-phycoerythrin, before being scanned on an Affymetrix GeneChip scanner. Additionally, quality and amount of starting RNA was confirmed using an agarose gel. After scanning, array images were assessed by eye to confirm scanner alignment and the absence of significant bubbles or scratches on the chip surface. 3 0 /5 0 ratios for GAPDH and beta-actin were confirmed to be within acceptable limits (1.01-1.59 and 1.04-1.82), and BioB spike controls were found to be present on all chips, with BioC, BioD and CreX also present in increasing intensity. When scaled to a target intensity of 150 (using Affymetrix MAS 5.0 array analysis software), scaling factors for all arrays were within acceptable limits (1.07-2.08), as were background, Q values and mean intensities. Details of quality control measures can be found at http://www.ncbi.nlm.nih.gov/geo/ and at http://eng.sheba.co.il/genomics.
Data analysis
The 8757 probe sets contained in the Affymetrix Human Focus oligonucleotide array were filtered using Mas 5 algorithm (http://www.hadassah.org.il/Departments/photobiology). A list of 5380 'valid' probe sets, representing probe sets with signals higher than 20 and detected as present (P) in at least one sample, was obtained. Treated and control samples were compared in each time-point. The comparison generated a list of 619 'active genes' representing probe sets changed by at least twofold (as calculated from the MAS 5 Log Ratio values) (LRX1 or LRpÀ1) and detected as 'Increased' or as as 'Decrease' (I or D, P-value 0.0025) or 'Marginal Increased' or as or Marginal Decrease (MI or MD, P-value 0.003 ) in all treated sample as compared to all the control samples in at least one time-point. This list excluded upregulated genes in all treated samples with signals lower than 20 or detected as absent, and downregulated gene with base line signals lower than 20 and detected as absent in the control samples.
Hierarchical clustering was performed using Spotfire DecisionSite for Functional Genomics (Somerville, MA, USA). Genes were classified into functional groups using the GO annotation tool . Over-representation calculations were carried out using Ease . Functional classifications with an 'Ease score' lower than 0.05 were marked as over-represented.
Data comparison of in vivo and in vitro UVB-regulated genes
The list of UVB-regulated genes following in vivo exposure of intact epidermis obtained from the present study was compared to a previously published list of differentially regulated genes in NHEK following in vitro UVB irradiation (Dazard et al., 2003) .
In order to compare the two experiments, initial compensation had to be made for the use of different arrays (Affymetrix Human Focus for the in vivo and U95 Affymetrix arrays for the in vitro study). To select the modulated genes in the in vivo study, we applied a filter of at least twofold change at 2 or 24 h or at both time-points in at least two out of the three volunteers. In total, 381 and 642 genes passed this filter for the up-and downregulated genes, respectively. In the in vitro study, the original list of 273 genes was first intersected with the list of probe sets present on the Focus array, leaving 247 genes that were then compared to the list of 381 upregulated genes from the in vivo study. Similarly, the list of 363 downregulated genes in the in vitro study was first intersected with the list of genes present on Focus array, leaving 202 genes that were compared to the list of 642 downregulated genes from the in vivo study.
Volunteers
Three healthy volunteers were recruited after informed consent and prior approval from the Ethical Committee on Experiments on Humans (Helsinki Committee). Inclusion criteria were skin type II-III, age 18-30 years, non-smokers, no regular or concomitant medication.
UVB irradiation
Areas of 9 cm 2 on previously unexposed skin of the inner forearms were irradiated with UVB from a bank of four FS40 fluorescent lamps (Philips) that emit wavelengths between 280 and 320 nm with a peak at 313 nm. Light intensity, determined using a Waldmann (Waldmann GBH, Schwenningen, Germany) UV radiometer, was 0.75 mW/cm 2 at a distance of 20 cm from the light source. Single doses of 150-250 mJ/cm 2 , equivalent to 4 MED, were used.
p53 immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections of punchbiopsies taken from nonirradiated and 24 h after 4 MED UVB-irradiated human skin, and a positive control section (carcinoma of the colon) were cut at 4-5 mm, deparaffinized in a clearing solution and rehydrated in alcohol. Endogenous peroxidase was blocked with 3% hydrogen peroxidase in distilled water for 5 min. Antigen retrieval was performed by microwave heating at 921C for 20 min in 1 mmol EDTA, pH 8.0. Slides were then immunostained in a Ventana Nexes automated staining system with an AEC staining kit. Primary antibodies were applied (monoclonal mouse antihuman p53 protein, clone D0-7; DAKO, Glostrup, Denmark) in dilution 1/50. Incubation time was 32 min at 371C.
Staining for apoptosis
Punch biopsies obtained 24 h after UVB irradiation were stained for apoptosis by H&E (sunburn cells) and annexin V. Samples were immediately frozen in OCT in liquid nitrogen and were stained with AnV-FITC (Roche Diagnostics, Mannheim, Germany).
Epidermal sheets and RNA extraction Suction blisters (2.5 cm in diameter) were induced 2, 24, and 72 h after irradiation, and RNA was extracted from the blister roofs (Enk and Katz, 1994) . Blisters from adjacent nonirradiated skin served as control. Total RNA was extracted from the blister roofs using the SV Total RNA Isolation System (Promega, Madison, WI, USA).
Semiquantitiative RT-PCR RT-PCR was performed with the Access RT-PCR system (Promega). Total RNA (1 mg) was used as templates in reaction mixtures containing 2 ml 25 mM MgSO 4 , 1 ml 10 mM dNTP mix, 20 pmols of each of the primers for all genes, 5 U AMV reverse transcriptase, 5 U Tfl DNA polymerase and reaction buffer in a total volume of 50 ml. RT was performed at 481C for 45 min and 951C for 2 min, followed by PCR. Cycling conditions and mRNA concentrations for each gene were determined by prior titration experiments. The following cycling times and temperatures were used: 31cycles at 941 for 60 s, 601 for 60 s and 721 for 90 s (p21); 28 cycles at 941 for 60 s, 601 for 60 s and 721 for 90 s (GAAD45, Bax and mdm2); 28 cycles at 941 for 60 s, 551 for 60 s and 721 for 90 s (G3PDH). In total, 10 ml of the PCR products were run on 2% agarose ethidium bromide gel electrophoresis and visualized under UV. Semiquantitative estimations were obtained by correcting for the G3PDH housekeeping gene. Band intensities were determined by densitometry measurements using MultiAnalystt/PC Version1.1 (Bio-Rad, CA, USA). Reactions were regularly performed in the absence of reverse transcriptase or template to control for contamination of genomic DNA or carryover of cDNA.
Primers sequences were: 
Conclusions
Using global microarray profiling to investigate the molecular response of intact human epidermis to a single, physiological dose of in vivo UVB irradiation, we found that genes controlling numerous cellular functions were regulated by UVB. Although the majority of the UVB-modulated genes were found at the 24 h time-point, differentially expressed genes could be found already after 2 h. The transient character of the UVB response was demonstrated by the finding that half of the up-and downregulated genes had returned to background levels within 72 h following exposure. Based on the assumption that keratinocyte cultures closely mirror changes taking place in intact epidermis, our present understanding of the influence of UVB on human skin is mainly based on in vitro models. Our study is the first to directly compare the molecular changes in intact human epidermal cells with those of in vitro exposed NHEK. We found that close to 2000 genes differed in their expression profiles between the two groups: The expression profile of in vivo exposed intact epidermis was geared towards DNA repair, whereas in vitro irradiated NHEK responded by activating genes associated with cell-cycle arrest and apoptosis. These differences in expression profiles might reflect differences between mature differentiating keratinocytes in the suprabasal epidermal layers versus exponentially proliferating NHEK in cell culture. Of special interest is the p53 profile: In contrast to the paradigm that key target genes such as GADD45, WAF1/ CIP1/p21, Bax and Mdm2 are upregulated in a properly functioning p53 tumor suppressor cascade, we found that in spite of p53 protein accumulation in epidermal cells, several central downstream genes were unaffected by a single in vivo UVB exposure. Assuming that under physiological conditions, a single UVB exposure has little carcinogenic potential, the lack of activation of genes involved in cell-cycle arrest and p53 target genes suggests that signaling pathways that can cause DNA repair without prior cell-cycle arrest, or that transcription-independent mechanisms are activated in intact epidermis. It should be noted that we have limited our in depth comparison of UVB-induced expression profiles to the p53 tumor suppressor gene, since it plays a central role in the regulation of the UV response. It is indeed possible that other conclusions might have been reached had we broadened our investigation also to include additional molecular pathways such as the NF-kB family of transcription factors, known as 'the central mediator of the human immune response'. Future studies should be carried out to elucidate such possibilities.
Our findings show that extreme care should be taken when extrapolating from findings based on keratinocyte cultures to changes in intact epidermis.
